The relationship between high volume and improved outcomes has been described for a host of elective high-impact, lowfrequency procedures, but there are little data to support such a relationship in high-impact low-frequency procedures in trauma. Using emergency department thoracotomy (EDT) as a model, we hypothesized that patients presenting to centers with higher institutional volumes of EDT would have improved survival referent to those presenting to lower volume institutions.
T he relationship between institutional procedural volume and patient outcomes has been investigated across a wide variety of surgical procedures over the past three decades. These studies typically focus on high-impact low-frequency (HILF) procedures such as aortic reconstruction, pneumonectomy, and oncologic resections in elective settings. In settings where HILF procedures may be emergent, simulation-based training has been used as a means to support provider and team readiness. 1 As a general principle, higher institutional volume is associated with improved patient outcomes for HILF procedures such as major abdominal, thoracic, [2] [3] [4] and vascular surgical interventions. 5, 6 Although the relationship between volume and patient outcomes for elective HILF procedures is well established, studies investigating the relationship between emergent HILF procedural volume and patient outcomes are lacking.
Emergent HILF procedures for trauma are performed by physicians at designated centers where procedural volume may be low. As an extreme example, emergency department thoracotomy (EDT) represents one of the most invasive and technically demanding procedures performed on injured patients in extremis. Although promising less-invasive techniques such as resuscitative endovascular balloon occlusion of the aorta (REBOA) have been used in a subset of injured patients, 7, 8 EDT remains a critically important procedure for injured victims of penetrating trauma presenting with hemodynamic collapse. Despite its widespread use, however, survival after EDT remains low, ranging from 5% to 25% depending on presenting patient characteristics such as signs of life, mechanism of injury, and prehospital transport time. [9] [10] [11] [12] Because of the time-critical nature of EDT, attempting to limit this procedure to high-volume centers is challenging. However, if a volume-outcomes relationship does exist for emergent HILF procedures in trauma, then investigations into the mediators of this association could lead to the development of interventions targeted at improving outcomes at lower-volume centers. Using EDT as our model, we sought to examine the relationship between center volume of EDT and patient outcomes, with the hypothesis that patients undergoing EDT at highervolume centers have improved outcomes.
METHODS
After approval from the University of Pennsylvania Institutional Review Board, we performed a retrospective analysis of the Pennsylvania Trauma Outcomes Study (PTOS) database from 2007 to 2015. The Pennsylvania Trauma Systems Foundation is the governing body of the state that accredits all trauma centers in the Commonwealth of Pennsylvania. To maintain accreditation, Pennsylvania trauma centers must abstract, collect, and submit data on all trauma patients to the PTOS registry. The database contains over 500,000 patient records from more than 30 years of admissions at state-accredited trauma centers and contains over 1,200 data points for each patient. Importantly, for the purpose of this study, the PTOS registry contains not only ICD-9 procedure codes for the first 82 procedures performed but also time, date, and location associated with each of these procedures.
The population of interest in this study was all patients undergoing EDT during the study period at Level I and level II trauma centers in the state of Pennsylvania. Patients were included in the study if they were coded as having had a thoracotomy (defined by ICD-9 procedure code 34.02, exploratory thoracotomy) or procedure requiring thoracotomy (37.12, pericardiotomy; 37.4, heart and pericardial repair; 37.49, heart and pericardial repair NEC; 37.91, open chest cardiac massage; 38.84 occlusion of the aorta; or 38.85, occlusion of other thoracic vessel), which occurred in the emergency department (defined by PTOS procedure location code 1, indicating emergency department). Patients under the age of 18 were excluded from the study. Data regarding demographic information (age, race, sex), mechanism of injury (blunt vs. penetrating), injury severity (as measured by Injury Severity Score [ISS]), and physiology (heart rate, respiratory rate, and Glasgow Coma Scale [GCS] score) on admission were collected. In addition, based on patient physiology on arrival, patients were grouped as presenting with or without signs of life (SOL) to the trauma center, which for the purpose of this study was defined as a GCS score >3, heart rate >0, or a respiratory rate >0. All candidate variables analyses were assessed for missingness and found to be missing in <10% of cases (age, <1%; mechanism, 0%; race, 8.3%; ISS, <1%; sex, 0%; heart rate, 4.6%; GCS score 5.7%) with the exception of respiratory rate, which was missing in 16.2% of cases. However, because this respiratory rate was used as part of a combined physiologic parameter "signs of life" (scored as present if any of HR, systolic blood pressure, or RR were non-missing and greater than 0), the overall missingness of the SOL variable was 8.7%. Examination of rates of casewise deletion secondary to complete case analysis in the final model confirmed <10% missing data, and so we did not impute missing data secondary the low risk introduced bias with this approach. 13, 14 In the later years of the study, it seemed possible that REBOA might compete with EDT, reducing our sample size and overall biasing our study toward the null. As no ICD-9 procedure code specific to REBOA exists, as a proxy we assessed the stability of proportions of patients undergoing EDT by mechanism over the study period using Cochran-Armitage test of trend.
To investigate the relationship between patient-level factors and survival, we first built univariate regression models between candidate variables and survival. Those patient variables associated with survival with p < 0.2 were then used in multivariable regression models on survival using forced entry. Because a robust body of evidence suggests that race may be associated with mortality after injury, 15 race was included in our analyses as a potential confounder. Race was defined according to the PTOS data dictionary definitions (http://www.ptsf.org/upload/DRAFT_2017_PTOS_Manual_ 5-1-2017.pdf). To adhere to the principle of parsimony and avoid overfitting, we removed variables from the final multivariable model that did not contribute to model discrimination. Model discrimination was examined by examining the area under the curve of receiver operator characteristic curves. We tested calibration using the Hosmer-Lemeshow test and visual inspection of plots of observed to predicted survival derived from our model. To assess the association between the primary exposure of mean annual EDT volume and patient survival, several models using different forms of the exposure variable were assessed (linear, fractional polynomial, logistic regression using quintiles of volume, and logistic regression using tertiles of volume). Based on previous literature assessing volume-outcomes relationships [16] [17] [18] and for the sake of ease of interpretation, we ultimately selected tertiles of mean annual EDT volume to represent volume as an exposure variable.
We then constructed a logistic regression model on survival using tertiles of mean annual EDT volume while controlling for patient-level factors associated with survival from our previously developed multivariable model. For all models, we used robust variance estimation to account for clustering by center. As the primary purpose of this work was to investigate the relationship between volume of EDT and outcomes, other center-level variables such as bed number and teaching status were not assessed for inclusion in our multivariable survival models. After generation of the final model, we calculated the marginal predicted probability of survival for each tertile of mean annual EDT volume after adjusting for patient factors significantly associated with survival. Patient survival was defined as survival to discharge from the hospital.
To understand the characteristics of the trauma centers in each tertile of mean annual EDT volume, we merged data from the American Hospital Association's national Annual Survey of Hospitals with the PTOS trauma registry. In addition to trauma center level, mean annual trauma volume, and proportions of trauma by mechanism, we examined the differences in annual hospital admissions, the number of medical/surgical ICU beds, total hospital beds, and the teaching status by tertile of mean annual EDT volume. We explored teaching status using both the presence of a residency training approval by the Accreditation Council for Graduate Medical Education and by membership in the Council of Teaching Hospitals of the Association of American Medical Colleges.
Functional disability at discharge was measured using the modified Functional Independence Measure (FIM) score. The FIM score has been well studied and validated in the literature. 19, 20 The modified FIM assigns a score ranging from 1 (total assistance) to 4 (independent function) for each of three categories (expression, movement, and feeding) and has been used in the trauma literature to assess neurologic outcomes. 21 We defined neurologically intact survival a modified FIM score of 4 in at least one of the three categories or as a patient discharged to home. We used Kruskal-Wallis test to compare for non-normally distributed continuous variables and two-sample t test to compare normally distributed continuous variables.
Chi-squared test was used to compare categorical variables. Stata v14.0 (College Station, TX) was used for all statistical analysis.
RESULTS
During the study period from 2007 to 2015, 1,399 EDTs were performed at 28 Level I and Level II trauma centers across the state of Pennsylvania (see Fig. 1 for flow diagram of patients included in the study). Two centers that did not perform any EDTs during the study period were excluded. In total, 95/1399 (6.8%) of patients survived. The annual survival rate ranged between 5.3% and 8.3%, and there was no statistically significant difference in the trend of survival rates over the study period (Cochrane-Armitage test of trend p = 0.51). Although there is no specific ICD-9 procedural code that uniquely indicates REBOA, we considered that in the later years of the study, REBOA may have competed with EDT and thus diminished the proportion of patients undergoing EDT. Stratified by injury mechanism, the proportion of patients who may have been candidates for REBOA (systolic blood pressure <90 mm Hg, no chest injury by Abbreviated Injury Scale [AIS] score) undergoing EDT did not change over the study period (CochraneArmitage test of trend p = 0.44 for blunt mechanism, 0.71 for penetrating mechanism), providing indirect evidence that REBOA did not appear to be occurring at rates in our study population that might introduce bias. Characteristics of patients included in the study can be seen in Table 1 . In univariate logistic regression on survival, patients who survived EDT were younger and more likely to be white. Compared with gunshot wounds (GSWs), both blunt injury (OR 2.27, 95% CI 1.13-4.58) and stab wounds (OR 7.39, 95% CI 4.60-11.86) EDTs were performed at 28/30 (93%) of Level I and Level II trauma centers over the study period. The mean annual volume of EDTs in the PA trauma system was 157 (SD 21.3), whereas a mean annual volume per center was 3.1 (SD 11). Only three centers had a mean annual EDT volume of >10. The maximum number of EDTs performed at a single center in a single year was 57. Most of the EDTs in the state of Pennsylvania were performed by two high-volume centers that combined performed >70 EDTs annually. The mean annual number of EDTs performed by center and mean annual number of EDT survivors can be seen in Figure 2 . In general, centers with lower annual EDT volumes had fewer survivors and centers with higher annual EDT volumes had more survivors. However, there did not appear to be a linear relationship between rates of survival and overall annual center volume.
To begin to consider the effect of EDT volume on patient survival, we calculated the mean annual volume of EDT for each center over the study period and then divided centers into three tertiles of mean annual EDT volume (low, 1-2; middle, 2.2-3.4; and high, 3.7-51.1). In terms of observed survival, 3/ 71 (4.2%) of patients presenting to lowest tertile hospitals, 10/ 174 (5.6%) of patients presenting to middle tertile centers, and 95/1,072 (6.8%) of patients presenting to highest tertile centers survived to discharge. After adjusting for patient factors associated with survival, patients at centers in the highest tertile of volume had significantly higher odds of survival (OR 4.56, 95% CI 1.43-14.50) compared with those at centers in the lowest tertile of mean annual EDT volume. Patient factors that remained significantly associated with survival can be seen in Table 2 and included age, mechanism of injury, ISS, and signs of life. The area under the curve for the receiver operator characteristic curve for our final model was 0.83 (95% CI 0.79-0.87), indicating good discrimination. The Hosmer-Lemeshow χ 2 statistic for the final model was 7.30 (p = 0.70), indicating acceptable calibration. To assess for the potential impact of REBOA on our findings, we performed a sensitivity analysis by removing data from 2014 and 2015, when it was at least plausible that REBOA might compete. Repetition of these analyses after removal of all cases from 2014 to 2015 did not substantially alter the direction or magnitude of the point estimates of the associations between any variable in the model and survival. The probability of survival by tertile of mean annual EDT volume after adjusting for patient factors can be seen in Figure 3 . At high-volume centers, the adjusted probability of survival was 7.6% whereas at lowvolume centers the probability was 2.1%.
Characteristics of centers in each tertile of volume can be seen in Table 3 . Trauma centers in the highest tertile of volume were more likely to be Level I trauma centers than those in the low and middle tertiles (p < 0.001). There was a trend toward increased overall trauma volume over low, middle, and high tertile centers such that centers with higher mean annual volumes of EDT tended to have higher overall volumes of trauma, but this did not reach statistical significance (p = 0.09). Centers in the highest tertile of mean annual EDT volume had higher volumes of penetrating trauma than those in lower tertiles. There was no difference in annual hospital admissions, the number of medical/ surgical intensive care unit beds, or total hospital beds between tertiles of care. In addition, we found no difference in teaching status as defined by presence of residency programs or membership in the Council of Teaching Hospitals of the Association of American Medical Colleges between tertiles of volume.
Of patients who survived to discharge and had available data, 67 (71%) were neurologically intact as defined by a FIM score of 4 in at least one category or discharge to home.
DISCUSSION
In this retrospective cohort study, we report evidence of a positive relationship between institutional volume of an emergent HILF procedure and patient survival. Risk-adjusted survival increased from about 2% at low-volume centers to over 7% at high-volume centers. Although much has been written about the relationship between overall trauma center volume and outcomes, [22] [23] [24] [25] [26] ours is the first study of which we are aware to report a relationship between volume of a specific procedure and patient survival in a trauma cohort.
Although we have demonstrated that risk-adjusted survival is highest at centers that perform higher volumes of EDT, defining a specific numeric threshold above which improved outcomes are expected is difficult. An understanding of the relationship between EDT procedural volume and outcomes is made complex by consideration of the selection criteria for the procedure. Conceptually, restricting EDT to patients who are likeliest to survive would be expected to result in higher survival rates even as it decreases overall volume of EDT and decreases the number of total survivors (because some patients undergoing EDT who do not meet commonly accepted selection criteria for EDT will be unexpected survivors 27 ). Conversely, relaxing EDT selection criteria to include patients unlikely to survive in any event would be expected to decrease the survival rate while at the same time increasing the overall volume of EDT and the total number of survivors. For this reason, simply relaxing selection to increase EDT volume would not be expected to result in increased survival rates. For instance, the center with the highest institutional volume in this study did nearly twice the number of EDTs as the center with the second-highest institutional volume but had essentially the same number of survivors, resulting in a lower overall survival rate.
The patient-and center-level factors that underlie this phenomenon are yet to be discovered, but if subject to modification could serve as the basis for interventions designed to help lowvolume centers achieve outcomes comparable with highvolume centers. The association between survival and volume is likely multifactorial and may be influenced by factors at both the level of the provider and the system. In our study, highervolume centers were more likely to be Level I trauma centers. Designated trauma centers with well-developed protocols, surgical expertise, nursing expertise, quick access to necessary equipment, and adjuncts such as blood products and around-the-clock intensive care have been shown in the literature to be associated with improved outcomes. 28, 29 In addition, the training and experience of the individual surgeon performing the procedure likely contributes to outcomes. To that end, even a modest amount of simulation training has been demonstrated to significantly improve times to achieve defined emergent thoracotomy procedure milestones 1 in simulation studies with cardiac surgery trainees. The role of simulation in training for complex procedures is well studied in the medical literature [30] [31] [32] [33] and has been shown to improve provider speed during other resuscitative procedures. 34 As Even when undertaken by an experienced trauma team and a seasoned operator, survival after EDT is low. From 2007 to 2015, the survival after EDT in the state of Pennsylvania was 6.8%, consistent with findings from published case series, which have a combined survival rate of 7.8%. 10, 35 One unexpected finding in our study that stands in contrast to most of the available literature 9, 11, 35, 36 was that referent to GSWs, blunt trauma was associated with improved survival. There are several possible explanations for this finding. First, most of the published literature on EDT consists of cases series, which tend to be published by high-volume, single-institution centers that practice in large urban settings with relatively high volumes of penetrating trauma. In our study, we were able to include data from all Level I and Level II centers in a statewide trauma system, including less academic centers with high volumes of blunt trauma that might be less likely to publish their experience. Publication bias by studies from centers that do not represent the trauma system as a whole may therefore be one possible explanation for our discordant finding. Second, there may be unmeasured confounding with respect to time in circulatory arrest. Because EDT for blunt mechanism of injury may be restricted to those patients with witnessed arrest, it is possible that patients with GSWs who arrive in arrest may have been without perfusion for longer than is appreciated. If some subset of these patients is beyond salvage, this would tend to reduce the survival rate in this group, which might explain our results. Future work with better prehospital data may help address this issue. Additionally, injury patterns by mechanism vary widely and relatively crude measures such as the ISS may not capture all data relevant to outcomes. For example, GSWs with great vessel injury have been shown in the literature to have very poor outcomes after EDT regardless of SOL on presentation, 37 but this might not be adequately captured in AIS scores. Data on source of exsanguination is unfortunately not captured in the PTOS registry. Finally, it is possible that changes in weaponry and the acuity with which penetrating trauma victims are presenting may have changed mortality for patients with GSWs referent to historical data. Over the past two decades, there has been a trend toward larger caliber more destructive weapons, and an increase in semi-automatic weapons. 38 A recent retrospective analysis from Denver Health Medical Center underscores this concept with the finding that victims of GSWs are presenting with higher ISS and an increase in the number of severe GSWs. In addition, mortality from firearms increased over the study period, whereas mortality from every other injury mechanism remained the same or improved. 39 As retrospective analyses can determine association but not causality, the most correct explanation for our finding of improved survival with blunt trauma compared with GSWs will require further investigation.
Our study has limitations and suffers from the inherent weaknesses of a retrospective investigation. Because the PTOS registry contains only data from trauma centers in a single state, we are unable to say whether or not our findings are generalizable to the national scale. However, attempts to use large national datasets such as the National Trauma Data Bank (NTDB) to determine the relationship between center EDT volume and outcomes are limited because the NTDB does not contain location data for procedures. We therefore do not believe it is possible to reliably differentiate between thoracotomies performed in the emergency department on arrival and thoracotomies that may have been performed in the operating room using the NTDB. Because patients who will tolerate transport to the operating room for thoracotomy are likely to be systematically different than those requiring thoracotomy on arrival, any large registry study combining these two groups would be expected to demonstrate unexpectedly high rates of survival secondary to misclassification bias. Although there is no gold standard in the volume-outcomes literature, we used percentiles of volume to analyze our data as it is a common approach used in the medical outcomes literature. We tested other more complex statistical methods, such as multivariable fractional polynomial models, and ultimately found our results using tertiles to be similar. For the sake of simplicity and clarity, we elected to use percentiles. Finally, were not able to define the presence of SOL with as much granularity as has been reported in case series of EDT. The PTOS registry does not capture patient movement, pupillary response, or other common definitions of SOL, and thus our definition differs from other broader definitions found in the literature. However, the definition we used of SOL had an extremely strong association with survival and did an outstanding job classifying survivors versus non-survivors.
CONCLUSIONS
This study is the first to demonstrate a relationship between institutional EDT volume and improved patient survival rates. We found that SOL on arrival to the trauma bay is by far the most important predictor of survival in patients undergoing EDT for both penetrating and blunt trauma. When considering EDT as applied throughout a statewide trauma system procedure and not in specialized, high-volume trauma centers, blunt injury may be associated with higher survival than has been previously reported. Because regionalization of emergent HILF procedures is unlikely to be a realistic goal, further investigation into mediators of improved outcomes associated with higher emergent HILF procedural volumes is warranted. Increased understanding of the provider and system-level factors that mediate improved survival at higher volume centers may inform future interventions designed to improve outcomes at lower-volume centers.
